Abstract The derivation of keratinocytes from pluripotent stem cells (PSCs) is a worthy goal.
Introduction
The cultivation of pluripotent embryonic stem (ES) cell lines from mice [1, 2] became the basis for gene knockout technology, which supports much of current experimental biology. Generation of similar cell lines from human embryos [3, 4] engendered interest in the idea of inducing these cells to differentiate in culture into clinically useful adult somatic cell types, especially those that are postmitotic in the adult and may deteriorate or become damaged, resulting in severe pathologies. With the discovery that transient expression of four factors can reprogram somatic cells such as skin fibroblasts to a pluripotent state similar to that of ES cells [5] [6] [7] [8] (''induced pluripotent stem (iPS) cells'' came the prospect of producing autologous somatic cell types from iPS cells for therapeutic transplantation [9] . The subject of this review is research aimed at producing epidermal and corneal keratinocytes from ES and iPS cells. There is no pressing clinical need for PSC-derived keratinocytes, since autologous tissue-derived keratinocytes can be expanded rapidly in culture and transplanted to provide permanent epidermal coverage of full-thickness burn wounds [10, 11] and corneal restoration in cases of chemical damage to the eye surface [12] . However, more is known about the keratinocyte than any other cultivable cell type, with respect to growth regulation, protein expression, differentiation, and methods of transplantation to regenerate permanent tissue. It therefore is the ideal cell type for proofof-principle that authentic, normal, and functional adult somatic cell types can be generated from pluripotent stem cells (PSCs).
More than a dozen research groups have reported generating keratinocytes from PSCs during the past several years, so this is an appropriate time for a comprehensive review. The author of this review devoted four years to this effort and appreciates the challenges of finding effective and reproducible protocols to generate keratinocytes from PSC and characterizing them appropriately. With the objective of encouraging research to advance the field, this is a critical review. As is true for all PSC research, scientists from many disciplines have been attracted to this particular endeavor. A consequence of this is that progress has been impeded by insufficient awareness of concepts from classical developmental biology and from contemporary comparative epithelial cell biology. A major problem is an unwarranted interpretation of marker expression to identify epithelial cells derived from PSC cells as ''keratinocytes''. The modest proliferative potential and undetermined growth regulatory characteristics of PSC-derived epithelial cells raises questions about how normal they are and, therefore, their potential value for tissue replacement. The propensity of many cell types of the large family of epithelia that express p63 to undergo epidermoid histogenesis in the organotypic culture assay for tissue-forming potential also has led to premature conclusions about cell type identity. These issues will be discussed at the end of the article, with suggestions for future research.
Properties of Somatic Tissue-Derived Keratinocytes in Culture
A compelling rationale for generating keratinocytes from PSC cells is that so much is known about the behavior of human tissue-derived keratinocytes. Thus the properties of PSC-derived cells can be compared with those of primary keratinocyte cell lines. A culture system employing co-culture with lethally irradiated 3T3 fibroblast feeder cells and use of a mixed DMEM?F12 nutrient medium supplemented with serum, hydrocortisone, EGF, cholera toxin, insulin, thyroxine, and adenine was developed to promote clonal growth and long-term [25-80 population doublings (PDs)] growth of normal human epidermal keratinocytes [13] [14] [15] . This culture system supports equally well the growth of keratinocyte subtypes that form other stratified squamous epithelia (i.e., oral, esophageal, corneal, conjunctival, vaginal, and exocervical epithelium) as well as a diverse set of other epithelial cell types, including mammary, tracheobronchial, and bladder urothelial cells [15, 16 • , 17-20] . Semi-defined and defined media were developed subsequently that promote excellent clonal growth and serial propagation of keratinocytes without feeder cells, achieved by optimizing amino acid and vitamin concentrations and substituting bovine pituitary extract (BPE) for serum [21] [22] [23] . One of these that is widely used is K-sfm (GIBCO/ Invitrogen/Life Technologies), a published modification [22] of an earlier Ham's MCDB150 series medium [21, 23] .
Normal human keratinocytes grow well in [Ca 2? ] as high as 1.0 mM, producing some stratifying, terminally differentiated cells while retaining a basal layer of proliferative cells [13, 21, 24, 25] . Primary murine epidermal keratinocytes require culture in media containing\0. 1 Major markers of basal keratinocytes, which comprise the stem cell compartment of stratified squamous epithelia, are DNp63a, K5/K14 [29] , a6b4 integrin, and the Lama3, Lamb3, and Lamc2 subunits of the basal lamina protein Laminin-332. The many stratified squamous epithelia differ from one another with respect to additional keratins made by the basal cells and by the set of proteins involved in structural integrity expressed by the terminally differentiated, suprabasal stratified cells. These include the specialized keratin pairs K1/K10 by the epidermis and also expressed by exocervix and gingiva, K4/K13 by so-called non-keratinizing stratified squamous epithelia such as esophagus, oral buccal and floor of mouth mucosa, and conjunctiva, and K3/K12 by the cornea [30] . Additional suprabasal differentiation proteins are the cornified envelope proteins Involucrin (IVN) [24] and Loricrin (LOR) [31] and the K1/K10 filament aggregating protein Filaggrin (FIL) [32] .
Serial culture and xenograft transplantation studies have demonstrated clearly that human keratinocyte subtypes are intrinsically distinct from one another and maintain their identity and preferred pattern of histogenesis in the absence of any specific signals from regional fibroblasts [18, 19, 33 ]. An ''organotypic'' culture system, developed to promote formation of an optimally differentiated epidermis from cultured human epidermal keratinocytes [34] , instigates some K1/K10 expression and epidermal-like stratum corneum (sc) formation in all keratinocyte subtypes [33] as well as in other members of the p63? family of epithelial cell types [16 • ]. This generally unrecognized limitation of standard organotypic culture for determining epithelial cell identity is important in evaluating reports claiming epidermal keratinocyte identity of PSC-derived epithelial cells. Finally, gene expression profiling to compare PSCderived epithelial cells with normal somatic keratinocytes and other epithelial cell types to determine cell type identity and normality generally has not been used.
Overview of the Literature
The literature on deriving cells exhibiting features of the keratinocyte lineage is summarized in Tables 1 and 2 . The highlights are described in the following text.
Murine ES-Derived Epithelial Cells
The first report of possible conversion of murine ES (mES) cells to keratinocytes was by Bagutti, Watt, and colleagues [35, 36] . The basis for their approach was the prior observation [37] (Table 2) .
Kidwai, Cao, and colleagues [50 • ] found that addition of Activin A for a specific 3 day window of time markedly increased the yield of p63? cells from hES cells at the expense of cells that express the neurectoderm marker PAX6.
Derivation of Epidermal Keratinocyte-like Cells from iPS Cells
Recently several groups have derived epithelial cells displaying properties of keratinocytes from iPS cells generated from skin fibroblasts. Bilousova, Roop, and colleagues [28 • ] formed EBs from murine iPS (miPS) cells and treated them with RA. These were then plated on COL4-coated dishes, treated with BMP4 for 3 days, and the medium then changed to DK-sfm for 6 days. At this time many cells that had migrated out of the attached EBs were p63/K14?. EBs were selectively removed and the remaining cell population was progressively enriched for K14? cells by serial culture in DK-sfm on COL4-coated dishes. The cells could express K1 and Loricrin (LOR) and had a replicative lifespan of *18 PD, similar to that of newborn murine somatic epidermal keratinocytes cultured in the same conditions. This study was unique in demonstrating that miPS-derived p63/K14? cells could form a stratified epidermis as well as hair follicles and sebaceous glands when grafted onto the skin as a cell suspension mixed with normal skin fibroblast and dermal papilla cells. Itoh [55] generated hiPS cells from hair follicle keratinocytes and skin fibroblasts and plated these in corneal fibroblast conditioned medium (CM) with a 4 day BMP4 treatment. 2 weeks later, many cells appeared by immunostaining and FACS analysis to coexpress p63, K14, K3, and PAX6. PAX6 was proposed by the authors as a marker of corneal epithelial identity but, in fact, is expressed by early neuroectoderm and many mature neurons as well as being essential for development of all structures of the eye [56] . These cells formed a bilayer in organotypic culture with suprabasal K3 expression. Hewitt, Aberdam, Garlick, and colleagues [57] used a complex multistep approach involving a possible ectoderm-like intermediate cell line, but without attempting to direct cells into a corneal lineage. They generated epithelial cells that stratified and produced some suprabasal K12? cells. These studies are intriguing but none compared the effects of dermal versus corneal fibroblast CM or looked for expression of the epidermal keratin pair K1/K10, nor were homogenous and serially cultivable cell populations obtained.
Critique
The literature to date permits a number of important conclusions. The common feature of successful protocols is plating PSCs as aggregates into culture conditions permissive for growth of keratinocytes and other members of the p63 family of epithelial cell types (e.g., the FAD ? fibroblast feeder system or a semi-defined or defined keratinocyte medium). Then, provided that there is sufficient space on the dish to permit outward migration and further proliferation, during the following 1-4 weeks the PSCs lose pluripotency markers and some cells begin expressing p63 and K14. Prior EB formation by PSC does not enhance generation of p63/K14? cells. No inducers of PSC commitment are essential as medium additives to generate such cells. However, RA, BMP4, Activin A, ascorbate, and TGFb receptor inhibitor, either individually or in various combinations, increase the frequency of p63/ K14? cells. An intermediate state, in which pluripotency markers no longer are expressed but K8/K18 expression is increased, may precede generation of p63/K14? cells. As yet there is no evidence that conversion can be directed toward a specific keratinocyte subtype (e.g., cornea) by use of region-specific fibroblasts or their products. Derived p63/K14? cells typically also express a6b4 integrin, Laminin-332, and K5, the partner of K14 for filament formation, although none of these markers are specific to keratinocytes. The replicative lifespan of PSC-derived p63/ K14? cells typically is much shorter and the growth rate slower than that of tissue-derived somatic keratinocytes. However, two studies have reported replicative lifespans of miPS-derived and hES-derived p63/K14? cells equivalent to that of normal keratinocytes [28
The stated objective of all the above studies was to derive keratinocytes from PSCs. Many studies using human PSCs claim to have achieved the goal of generating keratinocytes useful for clinical tissue replacement. Almost all of these studies mistakenly used expression of p63, K14, a6b4 integrin, Laminin-332, and K5 as evidence that the proliferative cells they obtained were basal layer keratinocytes. The K5/K14 keratin pair (originally termed the 58kd and 50kd keratins for their electrophoretic mobility) have been known since the early 1980s to be expressed by the basal, proliferative cells of many epithelial tissues, including mammary gland, tracheobronchus, and urothelium in addition to the epidermis and other stratified squamous epithelia [15, 29, 58] . a6b4 integrin and its cognate basal lamina protein ligand Laminin-332 also are expressed by the basal cells of these epithelia. The discovery of p63 in the late 1990s included the observation that this transcriptional regulator is expressed by the basal cell compartments of all of the above-mentioned epithelia and that knockout of p63 in mice results in failure to develop all of these epithelia [59] [60] [61] .
Members of this large family of p63/K14? cell types arise from all three embryonic germ layers (Fig. 1) . The various keratinocyte subtypes that form different stratified squamous epithelia arise from all three embryonic germ layers. Thus, PSCs are not obliged to convert first to an ectodermal precursor in order to undergo further commitment to a keratinocyte lineage. Interestingly, soon after the development of the FAD ? 3T3 feeder system to culture epidermal keratinocytes it was found that this system also is ideal for clonal growth and serial propagation of all epithelial cell types now known to express p63 [15, 17, 20] . K-sfm and other semi-defined ''keratinocyte'' media also prove to promote excellent growth of all p63 epithelial cell types in addition to p63? hES-derived epithelial cells (e.g., [16 • , 25] . Thus, expression of p63 and markers of keratinocyte basal cells does not support the conclusion that PSC cells have converted to a keratinocyte lineage.
Many studies identified in their PSC-derived, p63/K14? populations stratifying cells expressing IVL, K1/K10, and other epidermal terminal differentiation proteins. In normal epithelia in vivo, this would narrow down identification to epidermis, exocervix, and thymus, with occasional expression in gingiva and hard palate [62] . An organotypic culture system is widely used to assess the ability of cells to undergo epidermoid differentiation. This system was initially optimized to promote complete epidermoid differentiation by serially cultured primary human epidermal keratinocytes [34] . However, in this system other keratinocyte subtypes, such as the non-keratinizing buccal and floor of mouth mucosal keratinocytes, abnormally express suprabasal K1/ K10 [33] , despite the fact that keratinocytes retain their subtype identity during serial culture and ability to regenerate their appropriate pattern of suprabasal differentiation without specific stromal instruction in xenograft transplants [18, 19] . The study by Dabelsteen, Rheinwald, and colleagues [16 • ] found that somatic tissue-derived human urothelial and tracheobronchial epithelial cells stratify and form an epidermal-like stratum corneum with suprabasal K1/K10 and IVL in organotypic culture. Even human prostate epithelial cells undergo epidermoid differentiation in organotypic culture (W. Wei, P. Barron, and J. Rheinwald, unpublished). Mindful that chronic Vitamin A (RA) deprivation in vivo causes reversible epidermoid differentiation of many p63? family epithelial tissues [63, 64] , we tried adding RA to the medium but found that p63? epithelial cell types continued to display features of epidermoid differentiation in organotypic culture [16 • , 33] . This result precludes the use of standard organotypic assays, or of the occasional expression of IVL or K1/K10 by stratifying cells in conventional culture, as evidence of epidermal keratinocyte identity. This issue is especially relevant for evaluating studies in which an appropriate variety of other normal epithelial cell types is not compared to the PSC-derived cell for histogenesis and marker expression. The strongest evidence for epidermal identity has been obtained in several studies that demonstrated formation of an epidermal-like tissue by PSC-derived epithelial cells xenografted to the skin (Tables 1 and 2 ). However, the extent to which other p63? epithelial cell types may change their differentiation to more epidermoid character in response to ectopic transplantation to the skin surface remains to be determined.
Most studies reporting PSC to keratinocyte-like cell conversion have focused on demonstrating expression of cell type and differentiation markers. However, this is only one of two essential criteria for generation of an authentic and useful somatic cell type. The other is whether the PSCderived cell displays growth regulatory mechanisms characteristic of the normal somatic cell in question, which can help to both confirm identity or close similarity to the tissue-derived cell type and predict whether they would behave normally as tissue stem cells in transplants. Our study [16 • ] examining the growth properties of three clonally isolated, hES-derived p63/K14? cell lines revealed that they grew less well in K-sfm and were less dependent on EGF and less sensitive to growth inhibition by serum than normal keratinocytes or urothelial cells. PSC-derived cells, even if able to undergo the desired differentiation, may not be suitable for transplantation if they lack normal growth regulatory systems.
With the exception of one report [48 • ], the p63/K14? epithelial cells generated from human PSCs in all studies displayed a very short replicative lifespan, precluding isolation as pure populations as well as potential use for epidermal tissue regeneration. Differences in the starting PSC cells or in the protocols may yield cells that differ with respect to cell type or degree of ''normality''. Protocols that do not include clonal isolation or other very rigorous purification of p63/K14? cells may maintain some K8/K18? ectoderm-or endoderm-like precursor cells in the population during serial passage. Such cells were noted to have a long lifespan and the potential to convert spontaneously to p63/K14? cells [43 • , 44] , the result of which would be an apparently long lifespan of the p63/K14? cells.
Future Directions
Many groups have established that it is possible, using a variety of protocols and facilitating factors, to generate p63/K14? epithelial cells having the potential to undergo epidermoid differentiation. Effort now should be devoted to understanding the PSC-to-stratified epithelial cell process in more detail. The time course and quantitation of conversion under various conditions should be compared by disaggregating cultures to single cells and plating in the FAD ? 3T3 feeder system to identify cells able to form epithelial colonies of at least a size of 1,000 cells (*10 PD). Such colonies can be immunostained for p63, K14, and other markers, or to look for loss of Oct4, expression of K8, etc. Some colonies can be isolated at different time points after beginning the conversion protocol to expand for further analysis, experimentally immortalizing them if necessary to permit this (e.g., [16 • , 42] ).
The stable, propagable K8/K18? epithelial cells that can be derived from mES and hES cells [43 • , 44] should be examined more thoroughly to determine their identity and similarity to early developmental intermediates in vivo. The conclusion that these cells are embryonic ectoderm is premature. K8/K18 were first discovered as ''Endo A and Endo B''-cytokeratins of early parietal and visceral endoderm [65] and BMP4 not only suppresses neurectoderm formation from ectoderm but also promotes formation of endoderm from ES cells [66] . Furthermore, although RA is used in some protocols aimed at generating epidermal keratinocytes, this agent was first noted to convert mouse embryonal carcinoma and ES cells toward an early endoderm phenotype [67] . It would be interesting to learn whether PSC-derived, embryonic endoderm-like cells preferentially produce p63/K14? cell types that normally arise from endoderm during development (see Fig. 1 ). Related to this topic, whether and how PSC conversion can be directed toward a specific p63? epithelial cell type remains a major question. Although postnatal somatic keratinocytes do not require signaling from their regional underlying connective tissue to differentiate appropriately in xenograft systems [18, 19] , acquisition of specific cell type identity (e.g., corneal, tracheobronchial, urothelial) during development may require exposure to regional connective tissue fibroblasts. Studies should compare dermal versus other connective tissue fibroblasts and embryonic versus adult for such inductive activity.
Accurate identification of PSC-derived, p63/K14? cells and determination of how closely they resemble normal somatic epithelial cells will be aided by microarray analysis of gene expression on pure, homogenous cell populations. An initial study [46 • ] of an uncloned hES-derived population greatly enriched for K14? cells revealed many differences between these cells and normal primary epidermal keratinocytes. PSC-derived populations may be mixtures of several p63? cell types or otherwise heterogenous with respect to gene expression. Clonally isolated populations should be compared to epidermal keratinocytes and a variety of normal tissue-derived p63? cell types. Growth requirements in culture, including mitogendependence and inhibitor sensitivity, also are excellent bellwethers of normality [16 • ]. When cultured in semidefined media, all normal p63? epithelial cell types require either EGF, KGF, or HGF for growth [25] and are strongly growth inhibited by TGFb [68, 69] and by serum [25] . Organotypic and transplantation assays used to determine cell type identity should be permissive for various types of epithelial differentiation and not push all cells toward epidermoid differentiation. The internal skin flap xenograft system [18, 19, 70] is one example of a permissive system.
Conclusions
There is a wonderful quote by the author Louis Lamour: ''There will come a time when you believe that everything is finished. That will be the beginning.'' As described in this review, despite much progress this field is still very much in an initial, discovery phase. Awareness that many p63?cell types may be arising from PSC cells expands the opportunities for discovery immensely. PSC-derived, p63/ K14? cells now should be characterized more precisely and their normality examined more critically using better growth and differentiation assays and global gene expression profiling. Protocols should be compared quantitatively and qualitatively for frequency and identity of cells generated. Progress would be aided immensely by free exchange of PSCs and derived p63/K14? cell lines among laboratories. Continued research on this subject will expand our understanding of the essential factors for embryonic development of the many keratinocyte subtypes and other p63? epithelial cell types.
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